[1] In a previous study, we have derived an approximate, physically based parameterization of cirrus cloud formation by homogeneous freezing, applying to a wide class of supercooled aerosols in the upper troposphere and tropopause region. In this study, the parameterization scheme is extended to include the effects of aerosol size on the freezing process in adiabatically rising air parcels. Aerosol size effects become important when the timescale of the freezing event is fast compared to the timescale of depositional growth of the pristine ice particles. The generalized parameterization scheme is validated with parcel model simulations and can directly be applied in models that do not explicitly resolve the ice nucleation process, such as cloud-resolving models, weather forecast models, and climate models. The relationship between aerosol and ice crystal number concentrations in cirrus clouds formed by homogeneous freezing is discussed. This relationship is much weaker than in liquid water clouds. It is shown that even freezing of enhanced levels of sulfate aerosol originating from strong volcanic eruptions is unlikely to exert a sensible influence on cirrus formation.
Introduction
[2] Quantifying the radiative and climatic effects of aerosols and clouds remains an uncertain endeavor [Intergovernmental Panel on Climate Change, 2001] . Particularly large uncertainties exist concerning the indirect effect of aerosols on cirrus clouds, due partly to the lack of information about the origin, spatial distribution, and chemical nature of the ice forming particles [Baker, 1997] . Cirrus clouds are only poorly represented in general circulation models (GCMs) because appropriate relationships yielding the number of nucleated ice crystals as a function of the conditions controlling the formation of cirrus are not available.
[3] Recently, we have developed a parameterization predicting the initial number of cirrus ice crystals that form by homogeneous freezing of supercooled aerosols as a function of vertical velocity and temperature (hereafter referred to as K&L). Applying this parameterization in the ECHAM GCM (European Center for Medium Range Weather Forecast model, Hamburg version), we have performed the first interactive simulations of cirrus clouds in a climate model .
[4] The ECHAM simulations revealed that the formation and frequency of occurrence of cirrus clouds formed by homogeneous freezing is controlled by the vertical velocity and the temperature in the grid box rather than by the number of hygroscopic aerosols, implying that anthropogenic aerosol and precursor emissions are not likely to have an effect on cirrus formed by homogeneous freezing. Sensitivity studies were used to identify the most important processes affecting cloud formation in such an approach, among which is a proper representation of subgrid scale vertical velocities.
[5] The cirrus parameterization employed in ECHAM does not include the dependence of the number of ice particles formed on the size of the freezing particles. We have argued that size effects are of minor importance most of the time, because only a relatively small region in the upper troposphere is characterized by rather low temperatures and high vertical velocities, where variations of the aerosol size distribution do modify the homogeneous freezing process. Nevertheless, the effects of aerosol size need to be taken into account in any complete theoretical descrip-tion of cirrus formation to study the relationship between aerosol and ice particles.
[6] The main goal of this study is to generalize our previous parameterization to include the dependences of aerosol size on the nucleation and growth of pristine ice particles (section 2). Thereby, we complete our theoretical understanding of the controlling physics of homogeneous freezing in cirrus clouds at temperatures below about 235 K. We compare the analytic results to numerical parcel simulations (section 3). We examine the relationship between properties of the aerosol size distribution and the ice crystal number concentration in some detail for background and volcanically enhanced aerosol levels (section 4). We summarize the results of this work in section 5 and provide a notation list and a mathematical appendix.
Theory
[7] The basic theoretical description of the cirrus cloud initiation process in an adiabatically rising air parcel has been formulated in K&L. We recall their basic equations and the solution strategy and generalize the previous solution in terms of an explicit dependence on the size of the freezing particles.
Basic Equations
[8] In the parcel, the temporal evolution of the ice saturation ratio S i is governed by
with the constant vertical velocity w and parameters a 1 , a 2 , a 3 defined in K&L. The latter are determined by the adiabatic changes of the state variables and depend on the H 2 O vapor number density at saturation over ice n sat (T ) [Marti and Mauersberger, 1993] taken at the temperature T, pressure, gravity, and the latent heat of sublimation.
[9] The freezing/growth term R i is defined by
with the specific volume of a water molecule v. In the integrand, _ n i (t 0 ) dt 0 denotes the number density of aerosol particles that freeze within the time interval between t 0 and t 0 + dt 0 , r i (t 0 , t) is the radius of the spherical ice particle at time t that froze and commenced to grow at time t 0 < t, and dr i /dt is the radial growth rate of that ice particle.
[10] The diffusional growth rate is cast into the form
with the T-dependent coefficients b 1 and b 2 . (The dependence of (1a) and (2a) on the ambient pressure is comparatively weak.) In particular, b 1 = vav th n sat (S i À 1)/4 and b 2 = av th /(4D), with the deposition coefficient a of H 2 O molecules on ice, their thermal speed v th , and their diffusion coefficient D in air.
[11] The initial radius of the ice particles is denoted by r 0 ; it is equal to the radius of the aerosol particle at the point of freezing. As b 2 is proportional to the deposition coefficient for H 2 O molecules condensing on the ice surface, (2a) takes into account the effect of gas kinetics on the diffusion process. The temporal evolution of r i is found by integration:
The function _ n i is written as
where dn/dr 0 is the size distribution function giving the fraction of aerosol particles with radii between r 0 and r 0 + dr 0 , J is the freezing nucleation rate per unit time per unit volume of aerosol, and r s denotes the radius of the smallest aerosol particle that freezes.
[12] Let t denote the characteristic timescale of the freezing event. It can be related to the cooling rate dT/dt of the air parcel (which is in turn proportional to w) by
where c = 50 is determined by a comparison with numerical simulation results; see section 3. This value replaces the function c(T ) in (6d) of K&L.
[13] Under the simplifying assumption that the aerosol size distribution does not change during the freezing process, we can set dn/dr 0 equal to the initial size spectrum of the freshly nucleated ice particles. The consequences of this approximation are discussed in section 4.1. With the choice
the total number of ice crystals present at time t is obtained from (3) and (5)
The solution is not sensitive to the specific form of the freezing pulse used in (5).
[14] The nucleation rate J does not appear explicitly in the solution. Only the freezing threshold saturation ratios S cr (T ) and the values of @ ln(J )/@T are needed. Both quantities are taken from the laboratory measurements of Koop et al. [2000] , but values of S cr (T ) from other measurements can easily be included. Because of the volume dependence of the homogeneous freezing rate, S cr also depends on r 0 . However, as this dependence is weak and not essential for our analytic solution, we do not take it into account to keep the model as simple as possible.
[15] Finally, the initial growth timescale t g is introduced via
together with the dimensionless parameters d and k, the latter defined by
(Note that the parameter k defined by K&L in their equation (10) is given by t/t g .) The parameter b 2 defines a characteristic radius 1/b 2 for which gas kinetic and diffusive effects on the growth rate are of similar importance (cases d % 1).
[16] Referring to (1a), the radius r s of the smallest aerosol particle that freezes, and thus the number of ice crystals forming via (6), is determined by the competition between generating supersaturation by updraft and cooling and removing supersaturation by depositional growth of the ice crystals. An approximate analytical solution of (1a) is obtained by identifying the conditions where the saturation ratio reaches a maximum valueŜ i :
The coefficients and R i in (9) are evaluated at the freezing temperature. The approximation is accurate because ice crystals nucleate in supercooled droplets only within a narrow time window when the saturation ratio exceeds the freezing threshold S cr , that is, when S i is close to its maximum. As in K&L, we approximateŜ i by S cr in (9) and in the coefficient b 1 appearing in the ice particle growth law (2a). The consequences of this simplification are discussed in section 4.1.
[17] Combining (1b), (6), and (9), we obtain
with the monodisperse freezing/growth term given by
[18] In summary, r s follows numerically from (10a) and (10b). In practice, the lower integration limit is decreased from a very high value down to the value r s where both sides of (10a) become equal. Then n i follows from (6).
Analytical Solution
[19] The above equations lead to an analytic expression for the number density, mean size, and mass of ice crystals after the freezing event, provided a closed expression for R i,m from (10b) is available. An expression for R i,m , valid in the regime k > 1 (the fast growth regime), has been discussed by K&L. In this limiting case, the dependence of n i on r 0 drops out because the quickly growing ice particles lose information about their initial size, while freezing of new particles continues over an extended period of time.
[20] In contrast, the slow growth regime, valid for k < 1, is characterized by a sudden freezing burst. All particles with different sizes freeze almost simultaneously, and details of the aerosol size distribution now control vapor deposition and ice particle growth, leading to a marked dependence of n i on r 0 . Figure 1 shows several combinations of w, T, and r 0 for which k = 1 as curves distinguishing both regimes.
[21] Now we derive a generalized expression which holds for all values of k. The new solution naturally includes both the slow and the fast growth regime as limiting cases.
[22] The monodisperse freezing/growth integral (10b) is rewritten using the relationships (2a), (2b), (5), (6), (7), and (8):
where we have introduced x = (t À t 0 )/t as the new integration variable and changed the integration limits accordingly. Performing the integration using the relationships (A1) -(A4) provided in the Appendix yields
from which r s and n i can easily be determined as outlined at the end of section 2.1.
[23] In principle, the evolution of the ice particle size spectrum during growth can be calculated. For the purpose of estimating the mean size and the total mass of the ice particles, we can considerably simplify this calculation by assuming that all nucleated ice particles started their growth at the same size r s . Their sizer i at the time when S i reaches its maximum is then given bŷ
Inserting (2b) and (5) and integrating with the help of (A1) -(A4) yields
which corresponds to an ice water mass of 4pr iri 3 n i /3, where r i is the mass density of ice.
[24] Since depositional growth of ice particles continues until the available H 2 O is depleted from the gas phase, (12b) generally underestimates the mean size (and mass). We have previously described an approximate analytical method to take this later growth stage into account as a function of time. While we use that method when applying the parameterization in the ECHAM GCM, it is not discussed here and we refer the reader to section 4.1. in K&L for further details. (Their variables r 0 and r i * must be replaced by r s andr i , respectively.)
Limiting Cases 2.3.1. Fast Growth Case
[25] Since k ! 1, we insert the asymptotic expansion (A5) and neglect terms that are small compared to ffiffiffi k p in (11b), yielding
Upon inserting k from (8), the apparent dependence on d = b 2 r 0 drops out, and we derive
[26] The same approximation made in (12b) leads to the mean radiusr
Equations (13b) and (14) have been derived previously by K&L.
Slow Growth Case
[27] Since k ! 0, we insert the asymptotic expansion (A6) and obtain after neglecting terms which are of third order in k
We can distinguish two subcases, corresponding to initial particle sizes r 0 that are small or large compared to the characteristic radius 1/b 2 . For small particles that start growing in the kinetic regime (d ! 0), we obtain
The dependence on k 2 for very small particles is in contrast to the behavior in the fast growth regime, where the dependence is weaker (/ ffiffiffi k p ) regardless of the particle size. For large particles that start growing in the diffusion regime (d ! 1), we obtain
Here, the dependence on k quickly drops out as d increases
which is consistent with (15b) when d becomes large.
[29] The corresponding mean radius in the slow growth case is obtained by inserting (A6) into (12b): As t / 1/w and b 1 / n sat (T ), the slow growth regime is realized for high values of the vertical velocity and low temperatures. Large particles with r 0 ) 1/b 2 9 0.1 mm tend to freeze in the slow growth regime.
[31] Interestingly, as b 1 is also proportional to (S cr À 1), heterogeneous ice formation of very efficient freezing nuclei, that is, particles for which S cr ! 1, preferentially takes place in the slow growth regime. This implies that the resulting number of ice particles depends on details of the size distribution of the freezing nuclei, provided that only a fraction of the available aerosol particles freeze. To investigate this aspect is beyond the scope of this work, but will be examined in the future.
[32] In Figure 2 , the normalized freezing/growth intergral for monodisperse particles from the exact solution (11b), R i,m (b 2 2 /b 1 )(v/4p), is displayed as a function of k. Also shown are symbols for the limiting cases, demonstrating the consistency of our set of analytic solutions.
[33] In the following, we discuss the dependences of n i on several variables for the simple case of a monodisperse aerosol particle size distribution, based on the behavior of R i,m summarized in Figure 2 . For monodisperse particles, r s is equal to the aerosol radius r 0 and (6) is obsolete. The desired number of ice particles then follows from (10a) as
where we have inserted a 2 = 1/n sat and made the approximation a 2 > a 3 S cr which holds for all conceivable values of T.
The saturation vapor pressure falls off exponentially with decreasing T and introduces the strongest dependence on temperature in (17).
Dependence on Temperature
[34] The coefficient b 1 is proportional n sat . In the fast growth regime,
, and we find by inserting (13a) into (17)
as noted previously (equation (13) in K&L).
[35] In the slow growth regime, for small particles, we derive from (15a) and (17) the much stronger dependence
However, for particle sizes around d = 1 or larger, we find from (15b) that n i is only weakly dependent on T, brought about by the coefficients a 1 and b 2 in (17).
[36] In summary, as the ice particles grow faster and deplete the available H 2 O reservoir faster when T is high, freezing is terminated earlier and fewer ice particles can form. This behavior is far less pronounced in the slow growth regime, for typical sizes of the freezing particles.
Dependence on Vertical Velocity
[37] As k / 1/w, the monotonic increase of R i,m with rising k seen in Figure 2 leads to a general increase of n i with rising updraft speed. This increase scales as n i / w 3=2 in the fast growth regime (equation (14) in K&L); combine (13a) with (17).
[38] In the slow growth regime, for small particles, this dependence is even stronger
as can be inferred from combining (15a) with (17). Inserting (15b) for more typical sizes, we find the slightly weaker scaling
[39] In sum, the power a in n i / w a is confined to values between 1 and 3, depending on the particle size and on whether the slow or the fast growth regime is realized. The scaling with updraft speed is generally more pronounced than in the case of activation of cloud condensation nuclei (CCN) into water droplets, as remarked by K&L.
Dependence on Particle Size
[40] In the fast growth regime, n i does not depend on r 0 ; insert (13b) into (17). For very small particles, there is no size dependence, too, in the slow growth regime.
[41] This in striking contrast to the slow growth regime for large particles. Here, the combination of (15b) and (17) reveals
that is, the number of ice particles formed decreases as the size of the freezing particle increases.
[42] These scaling laws for monodisperse particles are explained by the fact that larger particles deplete the available H 2 O vapor faster. Eventually, this causes fewer ice particles to be formed. On the contrary, the water mass deposited on small particles growing in the kinetic regime is insufficient to significantly reduce S i during the freezing process, so freezing continues during growth.
Dependence on Aerosol Particle Concentration
[43] There is no explicit dependence of n i on n in the case of monodisperse particles, see (17), but it is clear that n serves as an upper bound for n i . The dependence of n i on n for polydisperse aerosols taken from (6) and (10a) seems similarly trivial: the maximum number of ice particles is given by the total number of aerosol particles available for freezing.
[44] However, increasing or decreasing n causes the first particles that freeze to be larger or smaller. Increasing or decreasing the slope of dn/dr 0 through changes of the width of the size spectrum causes the number of freezing aerosol particles to rise slower or faster. This introduces an indirect dependence of r s and hence n i on the aerosol parameters. The changes of n i resulting from changes of the size distribution parameters for polydisperse aerosols are further discussed in section 4.1.
Comparison With Simulations
[45] We compare the results for n i from the parameterization derived in section 2.2 with a large number of detailed numerical simulations conducted at initial temper- . As in K&L, we employed the Advanced Particle Simulation Code (APSC), run in the adiabatic parcel mode. The simulations started with a large reservoir of aerosol particles at ice saturation at 220 hPa and continued with constant w until S i dropped and freezing stopped. We have performed similar numerical studies within the cirrus parcel model intercomparison project of the Global Energy and Water Cycle Experiment (GEWEX); in this context, the key features of APSC have been documented recently [Lin et al., 2002] .
[46] Figure 3 displays the dry aerosol size distributions used in the following. The aerosol particles are distributed lognormally with a total mass of 1.2 mg m
À3
. The mean mass radius and geometric width are varied as indicated to generate a baseline simulation with a typical upper tropospheric accumulation mode (solid curve) together with a rather narrow (dot-dashed curve) and a rather broad (dashed curve) size distribution. The aerosol mass has been chosen such that the resulting number of particles (2500 cm À3 , 8600 cm À3 , and 1000 cm
) exceeds the number of ice crystals that form from these aerosols at any combination of w and T. (The typical number of accumulation mode particles in the upper troposphere is around 300 cm À3 .) [47] To evaluate the analytical solution (6), (10a), and (10b), we located T and p when S i became equal to S cr and computed n i including adiabatic changes of number concentrations per unit volume of air. As size distribution parameters, we used the total number of particles (with adiabatic corrections), the initial geometric width, and the mean size of the distribution at the point where S i reached S cr from the parcel simulations. At an initial temperature of 240 K/220 K/200 K, the wet sizes at the freezing threshold are about 7.2/2.4/2.1 times larger than the dry sizes of the respective number distributions. Dry mean radii of the distributions range between 0.025 -0.028 mm; see Figure 3 .
[48] Figure 4 shows the results of both numerical (symbols) and analytical (curves) models. For each temperature, the symbols in the middle represent the baseline aerosol runs (solid curve), the upper and lower symbols represent the narrower and broader cases (dot-dashed and dashed curve as in Figure 3 ), respectively. The parcel simulations are the same as shown in K&L (their Figure 3) , and the new parameterization is able to correctly simulate the changes in the slopes of the curves occuring in the slow growth regime in the upper right corner. The discrepancies seen at the highest vertical velocities in the 200 K and 220 K cases are of little practical significance, because in the atmosphere, n i will be limited by the much smaller number of particles available for freezing (several 100 cm À3 compared to several 1000 cm À3 assumed to generate the data in Figure 4) .
[49] We underscore that the constant c in (4) is the only parameter left unconstrained by the theory. This makes the parameterization very attractive for applications. Since different numerical models simulating the formation of cirrus may scatter by a factor 2 or so in the predicted number of ice crystals in a given scenario depending on the numerical formulation and employed thermodynamic parameters [Lin et al., 2002] , the value of c can be used to fit the parameterization to any such simulation model. We finally remark that c used in this study takes a different value than in K&L, because the new analytic solution includes the correct asymptotic behavior at low temperatures.
Relationship Between Properties of Aerosols and Ice Particles
[50] The dependences of n i on w and T from section 2 are well reproduced by numerical simulations of the cirrus Figure 3 and the analytic solutions were evaluated using the wet aerosol radii just prior to freezing. Physical mechanisms generating vertical motion in the atmosphere are indicated. AAC 9 -6 initiation phase. Here, the relationship between aerosol parameters and ice particle concentrations is further examined, including a reevaluation of the effects of volcanic sulfate aerosols on cirrus formation.
Twomey Effect for Cirrus Clouds 4.1.1. Explaining the Twomey Effect
[51] The first indirect effect of aerosols on clouds to be recognized is the albedo or Twomey effect [Twomey, 1974] . The Twomey effect states that an increase in a chemically uniform aerosol concentration can lead to an increase of droplet concentrations and smaller mean sizes of droplets in liquid water clouds. The resulting increase in the cloud albedo influences the radiative balance of the Earth. The Twomey effect has been confirmed in field studies for lower tropospheric clouds.
[52] Aerosols affect ice clouds as well. Compared to liquid clouds, the current knowledge of indirect effects of aerosols on cirrus clouds is rudimentary. It has been recognized that an increase in the number of aerosols available for freezing leads to an increase in the number of ice crystals in cirrus that form by homogeneous freezing of supercooled aerosols [e.g., Toon, 1995] . In other words, the correlation between aerosol and ice crystal number concentrations is positive. According to numerical simulations, this dependence is weak.
[53] In liquid clouds, activation of aerosols into cloud droplets and droplet growth occurs at similar supersaturations s of at most a few percent with respect to supercooled water. For CCN in the marine atmosphere, the dependence between cloud nuclei and cloud droplet number is approximately linear and rather insensitive to the dynamics and temperature of the environment in which the clouds form. This is a direct consequence of the observed shape of the supersaturation spectra for cloud nuclei (which are of the form n / s k ), leading to the relationship
which yields n drop / n 0.8 w 3/10 n À1/10 sat for a typical value k = 1/2 for marine CCN [e.g., Hegg and Hobbs, 1992] . Note, however, that the atmospheric aerosol is highly variable in terms of size and composition. Therefore, k can vary significantly in the range from about 0.3 to 2 even for comparable CCN concentrations n [e.g., Cohard et al., 1998 ], depending on the origin of the air masses containing the aerosols.
[54] In cirrus clouds, large supersaturations over ice are required for homogeneous freezing and growth. The supersaturation spectra for homogeneous freezing nuclei exhibit a very steep dependence on k in the vicinity of S cr , leading to high values of k. (Roughly, below S cr no particles can freeze, above S cr all available particles can freeze.) Using the above relationship with a value k ) 1, we find n i / n 0 w 3/2 n À1/2 sat , which explains the comparatively weak Twomey effect for cirrus. We emphasize that this relationship is identical to the scaling of our fast growth solution.
Simulating the Twomey Effect
[55] We now investigate the Twomey effect for cirrus with the help of our models. Table 1 shows the relative changes
induced by changes of the aerosol spectral parameters as shown in Figure 3 , that is, by simultaneously increasing n and decreasing s (case NARROW) and by simultaneously decreasing n and increasing s (case BROAD) relative to the baseline case at three different vertical velocities and initial temperatures. (The mean number radii change only slightly between the cases.)
[56] Both simulations and parameterization confirm that the Twomey effect is small (dn i /n i < 30%) in most cases except for the highest updraft velocities. There is a clear tendency for the computed changes to increase with decreasing temperature. The parameterization gives the correct sign and order of magnitude of the effect, although significant deviations may occur in some cases.
[57] The cases NARROW and BROAD assume simultaneous changes of the size distribution papameters. With the help of Table 2 we discuss the effect when n, R, and s are changed independently (cases DELN, DELR, and DELS, (42) 39 (24) 185 (37)
Changes dn i /n i (%) in the simulated number of ice crystals formed relative to the baseline case with n = 2500 cm
À3
, dry mean number radius R = 0.028 mm, and width s = 1.6. Values in brackets are the corresponding results from the parameterization. a n = 8600 cm
, R = 0.025 mm, s = 1.2. b n = 1000 cm À3 , R = 0.026 mm, s = 2. 
Changes dn i /n i (%) in the simulated number of ice crystals formed relative to the baseline case with n = 300 cm À3 , dry mean number radius R = 0.03 mm, and width s = 1.6. Values in brackets are the corresponding results from the parameterization. a n = 1500 cm À3 , R = 0.03 mm, s = 1.6. b n = 300 cm
, R = 0.06 mm, s = 1.6. c n = 300 cm À3 , R = 0.03 mm, s = 2. d All available aerosol particles are frozen. respectively). The tendency of dn i /n i to increase when T falls is observed again; in addition, the tendency of dn i /n i to increase when w rises is now more clearly visible in the numerical results.
[58] It is interesting to note that the Twomey effect for cirrus may become negative. This is a result of the competition between nucleation (in a given time step more particles freeze when more aerosol particles are present) and growth (in a given time step the available water vapor is consumed more rapidly when more larger particles are present); in the case of a negative effect, the latter process is dominant. The simulations show an increase of the number of ice crystals in the cases DELN and DELR, but a decrease in case DELS. In this regard, only case DELS is well captured by the parameterization.
[59] The inability of the parameterization to predict the correct sign of the Twomey effect in some cases is caused by the following approximations: 1. Although we have used the wet mean radius at the point when freezing commences rather than the dry radius, we have approximated the aerosol spectrum by a lognormal function, see (6), with the value of s taken from the dry spectrum. 2. AlthoughŜ i is an, albeit weak, function of w, T, r 0 , and n, we have set the peak ice saturation ratio in (9) equal to S cr in order to obtain a simple, analytic, and non-iterative solution. 3. In reality, T and other variables are still changing during the freezing process, but we use the temperature when S i is equal to S cr in the analytic solution. The replacement of S cr withŜ i would necessitate the use of iterations in determining n i . Thus, removing these approximations would not allow a closed form solution.
[60] On the other hand, sign and magnitude of the Twomey effect simulated with numerical models depend on the size resolution of the aerosol spectrum, artificial diffusion of the numerical growth scheme, and the time step (if explicit schemes are used to treat freezing and growth). Thus, we can expect a scatter of the simulated Twomey effect between different parcel models, even if different models use the same aerosol thermodynamic description and nucleation rates. In the light of these observations, and because the overall sensitivity of n i on aerosol size is small, we prefer to keep the parameterization as simple as possible and do not try to remove the above approximations.
Impact of Enhanced Sulfate Levels on the Formation of Cirrus Clouds
[61] Large volcanic eruptions increase the mass and mean size of stratospheric aerosols [e.g., McCormick et al., 1995] . Poleward and downward transport of volcanically induced particles to the midlatitude upper troposphere could modify the formation of cirrus clouds in this region. Tropical high clouds could also be affected by volcanic emissions.
[62] After the eruption of El Chichon in 1982, Stratospheric Aerosol and Gas Experiment (SAGE) II observations of optically thin subvisual cirrus revealed an increase of the frequency of occurrence of clouds having low extinction coefficients, while that of clouds with high extinction coefficients decreased [Wang et al., 1995] . Extinction of optically thick clouds measured by the Earth Radiation Budget Experiment (ERBE) increased in the initial posteruption period after the 1991 eruption of Mount Pinatubo [Minnis et al., 1993] . Small trends of upper tropospheric clouds above 6 km (visible optical depth >0.1, possibly including liquid water clouds besides cirrus) in the period 1989-1997 have been deduced from High Resolution Infrared Radiometer Sounder (HIRS) observations [Wylie and Menzel, 1999] .
[63] Jensen and Toon [1992] have used a detailed microphysical model to simulate the volcanic effects on cirrus cloud microphysics. Using homogeneous freezing rates that were state-of-the-art at this time, they concluded that sedimenting volcanic aerosols have the potential to significantly alter the properties of cirrus clouds that form in slow updrafts. Their results for homogeneous freezing are summarized in Table 3 , together with APSC simulations which employ updated freezing rates [Koop et al., 2000] .
[64] In our simulation model, freezing occurs later and fewer ice particles form. The fact that fewer ice particles form is likely caused by differences in the formulation of the models. Ice formation is retarded because nucleation energy barriers are much higher in the present simulations.
[65] More importantly, the difference between background (BACK) and volcanically influenced (VOLC) cases is much less pronounced (dn i /n i = 23% here compared to 400% in the 1992-simulations). This difference is caused by the much lower supercoolings of the freezing rates used by Jensen and Toon [1992] . As noted in section 2.4.1, the simulated number of ice crystals becomes more sensitive to changes of the aerosol size distribution the lower the freezing threshold relative humidity.
[66] Virtually nothing is known about the magnitude and sign of the Twomey effect for the case of cirrus clouds forming on heterogeneous freezing nuclei. As Jensen and Toon [1992] have pointed out, inclusion of volcanic silicate aerosols that are assumed to freeze heterogeneously at an ice supersaturation of 1.05 might actually decrease the ice concentration. Our results support the notion that the effect of heterogeneous nuclei on cirrus formation could be far more important than the effect of sulfate particles alone. However, a comprehensive assessment of this issue must also take into account changes in the atmospheric circulation (wind fields, temperatures, cooling rates, relative humiidty) caused by large volcanic eruptions.
Summary
[67] We have generalized our previous parameterization of cirrus formation to include the effects of aerosol size on the homogeneous freezing process. The updated analytical model predicts the number of ice crystals (along with an Conditions as used by Jensen and Toon [1992] (their results given in brackets): APSC simulations with initial temperature 218 K, vertical velocity 5 cm/s, but with more recent freezing rates taken from Koop et al. [2000] . The analytic model yields n i = 0.079 cm À3 (BACK) and 0.07 cm
À3
(VOLC); although n i and dn i /n i are near the simulated ones, the relative change between BACK and VOLC is reproduced with the wrong sign. a n = 300 cm À3 , R = 0.02 mm, s = 2.3. b n = 5 cm
, R = 0.31 mm, s = 1.5 added to BACK. estimate for the ice water mass and the mean ice crystal radius not discussed here), generated after the cirrus initiation phase as a function of updraft speed, temperature, and the aerosol size distribution. At this point, we note that our model can also be used to predict the number of ice crystals in type-II polar stratospheric clouds that formed by homogeneous freezing of supercooled ternary solutions.
[68] In agreement with numerical simulations that employ recent homogeneous freezing rates, the new parameterization predicts a very limited sensitivity of n i on details of the aerosol spectrum. Typically, for given values of T and w, simulated values of n i are reproduced within about a factor of two.
[69] We have offered an explanation for the difference of the Twomey effect between water and ice clouds in terms of the shapes of the supersaturation spectra for cloud condensation or freezing nuclei. An increase in the number of aerosols available for freezing leads to an increase in the number of ice crystals in cirrus clouds that form by homogeneous freezing of supercooled aerosols. We have shown that this positive correlation is much weaker in cirrus than in liquid water clouds. We have also shown that the correlation between the aerosol and ice crystal number densities can become negative when the width of the size distribution increases.
[70] The simulated changes of n i caused by variations of aerosol size distribution parameters are predicted correctly in magnitude but often with the wrong sign, indicating that the parameterization cannot be reliably used to quantify the Twomey effect for cirrus. However, we have shown that the Twomey effect is small in the case of homogeneous freezing even for strongly modified sulfate aerosols as observed after the eruption of Mount Pinatubo. Therefore, our analytic parameterization scheme should not cause serious errors when applied in large-scale models that do not explicitly resolve freezing processes.
[71] While applications of this scheme in global models with large spatial grid sizes (of the order of 100 km or more) requires a proper treatment of the subgrid-scale variability of vertical velocity, temperature, and relative humidity, applications in cloud-resolving models (grid sizes of the order of 10 km or less) should be straightforward, as these problems become unimportant with the direct simulation of such fluctuations.
[72] The parameterization scheme describes ice formation in adiabatic air parcels. Adiabatic motions are probably the most common pathway to surpass the critical freezing relative humidities in the atmosphere. However, high supersaturations may also be achieved by diabatic cooling or by turbulent mixing of air parcels. To apply the present model framework to such processes, equation (1a) has to be modified accordingly.
